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I. INTRODUCTION
The objective of this research was the fabrication 
of a cermet, the ceramic constituent of which was in a 
fibrous form rather than the usual granular form. Once 
a method, of fabrication was developed, the various 
physical properties of the cermet would be obtained. 
Development of such a cermet became possible recently 
with the commercial development of several types of 
ceramic fibers more refractory than ordinary fiberglass.
Phenomenal strengths have been achieved from fine 
glass fibers. When these fibers are imbedded in ordin­
arily brittle organic plastics, a composite results 
which has great strength and Impact resistance. This is 
because the continuous plastic phase has a lower modulus 
of elasticity and deforms under the applied stress allow­
ing the glass fibers to carry the load. It was hoped a 
similar cermet might be developed. While the modulus of 
elasticity of the metal would be higher than that of the 
ceramic fiber, it was believed the ductility of the metal 
would allow the ceramic fiber to carry the stress.
Refractory fibers have recently been developed by 
several companies. The Carborundum Company and the 
Johns-Manville Corp. have developed fiber of approxi­
mately 30% S102 and 50^ AlgO^ by weight. This fiber,
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which Is available commercially only in short fiber form, 
will withstand 2300°F without loss of its inherent fiber 
properties and temperatures approaching 3000°F without 
melting. A vitreous fiber over 96% S102 is available in 
the form of mats, tapes, and woven cloth from the H. I. 
Thompson Company.
Work by Pausewang^- with stainless steels and mullite 
grain Indicated stainless steel would make a good binder 
metal phase. This metal wetted and bonded powdered 
mullite, which is different from the first type of fiber 
mentioned only in its SiOgJA^Oj ratio of 2 ;3 .
II. MATERIALS
Ceramic Fibers
Metakaolin Fibers— Approximately metakaolin compo­
sition (50$ SiC>2 * 50$ AlgO-j by weight) supplied in loose 
bat form. Two varieties which were supplied by the Car­
borundum Company were "Washed Grade 212"'Fiberfrax of 
about 3 microns average diameter by several hundred diam­
eters long, and a coarser Fiberfrax of about 10 to 100 
microns diameter, averaging about 20 microns diameter, 
by several hundred diameters long. Other metakaolin 
fiber of approximately the same dimensions as the "Washed 
Grade 212" Fiberfrax was supplied by the Johns-Manville 
Company. However, this fiber contained much dark shot 
throughout the bat of fiber.
Silica Fiber— Vitreous fibers of over 96% SiOg, 
"Refrasil" In fiber diameters ranging from 5 to 10 mi­
crons was supplied by the H. I. Thompson Company as woven 
cloth.
Metals - used as the bulk of the metal phase
Stainless Steel, 30233 type— Supplied as a -325 mesh 
prealloyed 302B stainless steel powder by the Vanadium 
Alloys Steel Company. A small amount used at the begin­
ning of this development program had been supplied as 
-300 mesh pov/der by the Unexcelled Manufacturing Company.
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Stainless Steel, 318-Si type— Supplied as a pre­
alloyed -325 mesh powder by the Vanadium Alloys Steel 
Company.
Aluminum—  A -325 mesh powder of at least 99% alum­
inum was supplied by Charles Hardey Inc. as grade "HA." 
Solid pieces of aluminum were from stock available from 
previous research.
Small Modifying Additions— used to modify the metal phase 
Chromium Boride— A -325 mesh powder supplied by the 
Wall-Colmonoy Corporation, of a composition reportedly 
78% chromium, 22% boron.
Molybdenum— A -325 mesh CP hydrogen reduced powder, 
supplied by Charles Hardy Inc.
Silicon— A -100 to ♦•325 mesh powder supplied by 
Charles Hardy Inc.
Aluminum— A -325 mesh powder of at least 99% alumi­
num supplied by Charles Hardy Inc.
III. COMPOSITIONS
The compositions used in this work are summarized 
in Table I. Compositions designated "X- " are all-metal
compositions used to investigate the effect on sintering, 
by the addition of small amounts of modifiers. On the 
basis of promising preliminary tests, it appeared that 
corresponding compositions which contain ceramic fiber 
additions could be made. The composition designations to. 
which "K" was added in the "X " series, are ones which 
contain coarse -100 to *325 mesh silicon. Silicon added 
to all other compositions was ground more finely as dis­
cussed in the section "EXPERIMENTAL PROCEDURE."
Two grades of fiber were used in composition 5. 
Compositions noted as "Composition 5" contained "Grade 
212" fiber of about 3 microns average diameter. Composi­
tions noted as "Composition 5-K" contained a coarser 
grade of fiber of about 0.02 mm. average diameter.
In bodies to which Carbowax "4000" was added, a "c" 
is added to the designation. For example, if Carbowax 
"4000" was added to composition 6, it would be noted as 
6-C.
A portion of the stainless steel was ground for 72 
to 130 hours after it was received from the supplier. The 
composition numbers are also used to show the percentages
TABLE I 
Summary of Compositions
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Composition Component Weight Volume
No. (%) {%)
1 302B Stainless Steel 71.4 42.5
J-M Fiber 28.6" 57.5
2 302B Stainless Steel 82.1 57.7
J-M Fiber 17.9 42.3
3 302B Stainless Steel 82.1 57.7
Fiberfrax Fiber 17.9 42.3
4 318-Si Stainless Steel 82.1 57.7
Fiberfrax Fiber 17.9 42.3
5 302B Stainless Steel 91.0 75.0
Fiberfrax Fiber 9.0 25.0
6 302B Stainless Steel 88.7 68.3
Chromium Boride 2.3 8.5
Fiberfrax Fiber 9.0 23.2
7 302B Stainless Steel 90.1 73.5
Chromium Boride 0.9 1.1
Fiberfrax Fiber, 9.0 25.4
8 3023 Stainless Steel 89.4 72.8
Chromium Boride 1.6 1.9
Fiberfrax Fiber 9.0 25.3
9 302B Stainless Steel 90.55 73.5
Silicon 0.45 1.2
Fiberfrax Fiber 9.00 25.3
10 302B Stainless Steel 90.77 74.1
Silicon 0.23 0.6
Fiberfrax Fiber 9.00 25.3
TABLE I (Continued)
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Composition Component "Weight Volume
No. (%) if?).
11 Aluminum 77.5 75.0
Fiberfrax Fiber 22.5 25.0
12 302B Stainless Steel 91.0 70.6
Refrasil Fiber 9.0 29.4
X-2.5 CrBx 302B Stainless Steel 97.5 89.5
Chromium Boride 2.5 10.5
X-5-0 CrBx 302B Stainless Steel 95-0 80.0
Chromium Boride 5.0 20.0
X-2.5 Mo 302B Stainless Steel 97.5 98.0
Molybdenum 2.5 2.0
X-5.0 Mo 302B Stainless Steel 95.0 96.0
Molybdenum 5.0 4.0
X-2.5 A1 302B Stainless Steel 97.5 95.0
Aluminum 2.5 7.0
X-5.0 A1 302B Stainless Steel 95.0 86.0
Aluminum 5.0 14.0
X-2.5 Si-K 302B Stainless Steel 97.5 92.2
Silicon 2.5 7.8
X-5.0 Si-K 302B Stainless Steel 95.0 85.2
Silicon 5-0 14.8
X-0.5 Si 302B Stainless Steel 99-5 98.4
Silicon 0.5 1.6
X-1.0 Si 302B Stainless Steel 99.0 96.8
Silicon 1.0 5.2
of the metal added In the "as received" condition and the 
"as ground" condition. The percentage of the metal added 
as received is noted by the figures to the right of the 
decimal point in Compositions 1 through 12. The percent 
added as ground is, of course, the difference In the per­
centage noted in the composition and 100$. For example, 
the composition noted as 3»25 would have 82.1$ of the 
total weight of the composition as metal powder, 25$ of 
which would be added in the as received condition and 75$ 
as ground.
Compositions which employed ceramic fibers stirred 
into molten aluminum were variable. Each experiment's 
composition depended upon the results of that test.
IV. EXPERIMENTAL PROCEDURE 
Since a major part of the effort in this research 
was devoted to the development of techniques of fabrica­
tion of the ceramic-flber base cermet, the various at­
tempted methods of preparing constituents, mixing batches 
and forming specimens will be described in some detail in 
this section.
Preparation of Batches and Their Constituents
Ceramic fiber, for compositions employing short fi­
ber, was crushed in a steel die before being dispersed 
in water for cleaning. The desired length of fibers 
could be obtained by application of the correct crushing 
pressure. A pressure of 20,000 psi on the finer (3 mi­
cron diameter) raetakaolln fiber resulted in fibers of 
about 10 diameters long, as shown in Fig. 1. The coars­
er metakaolin fiber was crushed at 225 psi which resulted 
in fibers of a hundred or so diameters long. Silicious 
fiber was crushed similarly.
Ball milling was tried first to shorten the fibers 
to the desired lengths. However, it resulted in balling 
up the fiber unless grinding was continued until the 
lengths were such that the fibrous character was lost.
After the correct fiber length was obtained for the 
specific forming method, the fiber was cleaned. The meta
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kaolin fiber as received from the manufacturer had a con­
siderable amount of glass-shot throughout. To remove 
this shot, the fiber was dispersed in water and the shot 
allowed to settle to the bottom of the container. The 
fibers, still in suspension, could then be decanted and 
collected on a Gooch filter. The filter paper, when cov­
ered with fiber about 0.125 inch thick, was removed, 
dried, and the fiber removed.
Since the silicious fiber was received in the form 
of a woven cloth, it contained no shot and could be used 
directly after crushing to length.
The stainless steel was received as a -325 mesh 
powder. Part was ground in hardened steel mills with 
cobalt-bonded titanium carbide slugs, using benzene or 
methanol as a milling medium. Benzene was used at first 
but abandoned because of its toxicity. Methanol was 
used for the majority of the research period. A curious 
phenomenon was encountered using methanol and stainless 
steel. Gas was generated in the mill with sufficient 
pressure to blow out the rubber gasket around the top of 
the mill if the pressure was not relieved every 30 hours 
of milling time.
About 100 hours of grinding time was used to obtain 
the desired degree of fineness. Grinding times of 150 to 
200 hours were tried to obtain finer material, but the
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pyrophoric tendency of the metal at this fineness, made 
It Impractical to grind longer than 1J0 hours.
Part of the silicon was ground In the same manner as 
the stainless steel but for only 18 hours.
Mixing the ceramic fiber and powdered metal together 
was quite simple. If any Carbowax "4000" was to be used 
as a green binder, the desired amount, about 6%, was dis­
solved in the liquid to be used as a mixing medium. The 
ceramic fiber was next dispersed in the liquid, the pow­
dered metal added, and the mixture stirred manually for a 
few minutes to produce homogeneity. The mixed composi­
tion was air dried In shallow pans under a heat lamp. 
Methanol was used as a mixing medium because the fibers 
dispersed well in it, whereas they would not in water.
A thin layer of ceramic fiber collected on top of 
the pans of the dried compositions employing the finer 
metakaolin fiber. This layer was dispersed during the re­
mixing with methanol preparatory to vibrational forming. 
The mixture had to be dampened, remixed, and dried to 
redistribute the layer if hot press forming was to be 
used.
The compositions of metal-plus-sintering modifier 
were dry mixed as the entire composition was finely ground 
powders. The correct amounts of metal and modifier were 
weighed out in a French Square bottle which was packed in
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a small porcelain ball mill and rotated 18 hours.
Forming Methods
Since quite a number of forming methods were used In 
this research they are tabulated in Table II, "Forming 
Methods" for easier reference. A more complete discussion 
and evaluation is contained in the sections "RESULTS" and 
"DISCUSSION."
All the bodies containing Carbowax "4000" were de­
waxed at 140°C in a two day cycle after forming.
Sintering
Specimens to be sintered were placed on an alumina
boat which was placed in a tubular G-lobar furnace. The
porcelain tube containing alumina boat and specimens, 
was evacuated to 0.1 mm. Hg and flooded with purified 
helium three times to remove any traces of air. A slowly 
flowing atmosphere of purified helium was used throughout 
the firing until the furnace had cooled to approximately 
1500°F during the cooling period. The flow was turned off 
at that point and the furnace allowed to cool to room 
temperature with a stagnant atmosphere of purified helium.- 
A heating rate of about 400°F per hour was maintained
to the maximum firing temperature. A one or two hour
soaking period at this maximum temperature followed.
After completion of the soaking period, the furnace was
13
TABLE II 
Forming Methods
Method Preparation Fabrication
a Long fibers (as received Mixture poured on
length) and metal powder mixed filter paper and 
with benzene. liquid drawn off.
Short fibers and metal powder 
mixed in solution of Carbowax 
"4000" and benzene in ball 
mill; air dried.
Short fibers and metal powder 
mixed in solution of Carbowax 
"4000" and benzene in ball 
mill.
Pressing- 
mixture in steel 
die at 26,000 psi
Casting- 
slurry in non- 
porous mold.
Long fibers (as received Pressing-
length) and metal powder mixed fibrous mixture 
to a slurry by shaking with a in steel die at 
solution of benzene and Carbo- 26,000 psi. 
wax "4000"; air dried.
Short fibers and metal powder 
mixed in methanol; air dried.
Short fibers and metal powder 
mixed in methanol; air dried.
Vibration- 
methanol dampened 
body in steel die 
for 1 to 3 mins.
Hot pressing- 
dry mixture in 
graphite dies.
g Solid metal piece melted in Mixing-
crucible. Short fibers heated fibers stirred 
in separate crucible. into melt.
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cooled to 1500°F In about one hour using a reduced power 
input. The furnace was then turned off and allowed to 
cool to room temperature overnight.
Specimen Finishing
Modulus of Rupture Specimens- Sintered specimens 
could be used as they came from firing. Hot pressed 
specimens were ground on the belt sander to remove fins 
and bumps.
Oxidation Test Specimens- Specimens were cut to give 
flat straight faces on each side. The top and bottom 
faces were cleaned off on the belt sander to present 
clean faces to the oxidizing atmosphere.
Impact Strength Specimens- These specimens were cut 
roughly to required dimensions with a cut off wheel from 
hot pressed 2 inch long bar specimens. The specimens 
were brought down to exact size on the belt sander.
Room Temperature Tensile Test Specimens- The 4 inch 
by 0.5 inch by 0.5 inch hot pressed bars were ground to 
rods of 0.375 inch diameter on a lathe. These rods were 
then necked down to 0.150 inch diameter as shown in Fig.6.
Elevated Temperature Tensile and Tensile Stress-to- 
Rupture tests Specimens- Ends had to be attached to the 
4 inch long cermet specimens so they could be used in the 
tensile stress-to-rupture machine which requires 8 inch 
specimens. To accomplish this, inconel ends were attached
as followe. The 4 inch by 0.5 Inch by 0.5 inch bars were 
ground, to 0.370 inch diameter on a lathe and four 1/16th 
inch wide grooves were cut in each end of the rod. Holes 
0.375 inch in diameter were drilled in inconel rods 3/4 
inch in diameter. These holes were partially filled with 
a nickel-chromium boride powder and the cermet rod insert­
ed. The assembly was heated with a torch and pressed to­
gether. T,Vhen beads of chromium boride-nlckel came out of 
the joint, it was considered that the grooves had been 
filled and the specimen, with inconel end, cooled to room 
temperature. This process was repeated to attach the 
other end. In this manner the inconel ends are attached 
to the cermet rods. The chromium boride-nickel attaches 
itself to the inconel and fills the grooves in the cermet 
thus effectively forming rings on the inconel which hold 
the cermet rod.
After the ends are attached, the specimen was necked 
to 0.200 inch diameter in the center and the inconel ends 
ground down to 0.425 inch diameter so they could be 
gripped by the jaws of the test machine. The finished 8 
inch long test specimen is shown in Fig. 2.
Methods of Testing
Polished Sections - Polished sections of sintered and 
hot pressed specimens were made by the usual metallo- 
graphic methods. The structure could be evaluated from a
microscopic examination of these sections and photomicro­
graphs taken. Such properties as the amount of globulation 
of fibers, phases present, and distribution of phases for 
a specific forming method or composition could be visually 
examined. A Reichert Universal Camera Microscope "ME F" 
was used to examine and photograph specimens.
Porosity- Two tests were used for porosity. The 
first, a rough qualitative tongue test was used to sort out 
those specimens which were too porous. If the specimen 
would stick to the tongue, it was quite porous. The other 
test was of a quantitative nature. After first weighing 
the specimens dry, they were boiled in water for two hours, 
and allowed to cool to room temperature completely covered 
with water. The weights of the specimens suspended in 
water were then obtained by hanging the specimens from a 
copper wire from one arm of the balance. The copper wire 
had been previously weighted when immersed in water to the 
same depth. Saturated weights of the specimens were de­
termined hy reweighing the boiled specimens after they had 
been blotted lightly with a damp cloth. Apparent poros­
ity, the ratio of the volume of the open pores to that of 
the whole specimen, could be determined from these weigh­
ings using the following equation:
where
P = apparent porosity 
W = saturated weight 
D ® dry weight 
S = suspended weight 
Firing Shrinkage- This test was used to note the 
change in length which occurred during the firing of the 
specimen. The test specimen was measured in its dry 
unfired condition and again after firing, using a hand 
rule graduated in millimeters and a micrometer graduated 
in mills. Shrinkage was computed in percent using the 
expression given below.
Sf = kd I hi. x !00
Ld
where
Sf 88 firing shrinkage 
= dry unfired length 
Lf * fired length
Modulus of Rupture- This is a measure of the outer- 
fiber stress in cross bending at which the specimen rup­
tures. The tests at room temperature and elevated temper­
atures consisted of applying a known increasing stress to 
the center of a bar supported at the ends. The stress 
was increased until the specimen ruptured or deformed 
sufficiently that the test apparatus prevented further
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deformation. The maximum outer fiber stress at rupture 
was then calculated with the following formula.
where
S = maximum outer fiber stress or modulus of rupture 
W * force applied at center of span at rupture 
L s length of span
b « breadth of specimen at point of rupture 
d = depth of specimen at point of rupture 
Oxidation Resistance- Two methods are commonly used 
to express oxidation resistance. The first is to measure 
the amount of weight gained and express it as some func­
tion of the surface area of the specimen and time at 
elevated temperature. The second method of expressing 
the resistance is to measure the thickness of the oxide 
layer on the specimen after a given time at an elevated 
temperature.
In this work, both methods were used on sintered 
test specimens at 2000°F for 100 hours. The dimensions of 
the specimens were measured before the test to calculate 
the surface area. Specimens were weighed before the test, 
during the test at 5, 25, and 50 hours, and finally after 
the test at 100 hours. After 100 hours the sections of 
the sintered specimens were cut and thickness of the oxide 
layer measured.
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Since popping-off of the oxide layer was encountered 
with some specimens in the first test with sintered spec­
imens, the second test with hot pressed specimens was 
modified. These specimens were held in porcelain cruci­
bles during the test time at elevated temperature and 
covered with tops when cooling to room temperature for 
weighing.
Modulus of Elasticity- A sonic method was used to 
measure the modulus of elasticity of the specimens. The 
test consisted of measuring, with the apparatus shown in 
Fig. 3» the specimen's natural resonant frequency which 
was used in conjunction with the weight and length dimen­
sions in the equations and charts developed by Pickett^ 
to give the modulus of elasticity. The equation used is 
shown below.
E = G-j_ W nx2
E = Young's modulus in psi
W = Weight of specimen in pounds
n-j_= resonant frequency of first node of flexural 
vibration in cycles per second
3
cx= 0.00020436 sec.^ per sq.in., found in
this work 1 from the C^b value
Gj_b= obtained from l/d vs. C]_b chart in article 
by Pickett"*
1 = length in inches
t = thickness of cross section of specimen in 
direction of vibration, in inches
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b = breadth of specimen in inches 
Ti 55 Goens' correction factor
I = moment of inertia of the cross section of 
the specimen
The specimen was supported at its null points on 
strings to allow it to vibrate freely when driven by the 
speaker, as shown in Fig. 3» The speaker was fed by the 
audio oscillator signal generator which also fed the sig­
nal to the horizontal plates of the oscilloscope. Speci­
men vibrational amplitude was detected by the crystal 
pick-up, amplified, and fed to the vertical platesof the 
oscilloscope. Thus at the specimen's resonant frequency, 
when the vibrational amplitude increases greatly, the 
vertical axis of the figure on the oscilloscope increases 
greatly also. To accurately measure this frequency, the 
signal from the audio oscillator is fed both to the hori­
zontal plates of the oscilloscope and the null-reading 
type frequency meter. The frequency was read from the 
meter when a horizontal line was formed on the oscilloscope.
Impact Testing- The 3/16 by 3/16 by 1-g- inch specimen 
was gripped between metal inserts with a torque of 50 
inch-pounds, as shown in Fig. 4. The specimen was gripped 
as a cantilever with 1 inch projecting. The 0.40 pound 
hammer was first dropped from the lowest possible position 
to check the alignment of the specimen. It should be
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adjusted so the hammer strikes the specimen in the middle 
of the bar, 0.125 inch from the end. The hammer was 
dropped from successively higher positions, increased in 
0.5 inch Increments, until the specimen broke. The 
length of drop necessary to break the specimen is multi­
plied by the weight of the hammer to give the impact 
strength.
Tensile Testlng-
a. Room Temperature— The 4-inch long specimen 
which had been ground to 0.375 inch in diameter and 
necked to a 0.150 diameter, as shown in Fig. 2, was 
gripped between the serrated two-jaw grips of a Tlnlus 
Olsen Testing Machine. The stress was applied at approx­
imately 1000 pounds per minute until failure of the spec­
imen occurred. The stress necessary to produce failure 
was divided by the area of the cross section of the 
specimen at the point of failure to give tensile strength.
b. Elevated Temperature— The 8-inch specimen 
for elevated tensile testing, shown in Fig. 2, was 
gripped in the four-jaw grips of the tensile stress-to- 
rupture machine shown in Fig. 5* The middle section of 
the specimen was heated in the nichrome-wound furnace to 
the test temperature as measured with a platinum-platinum 
rhodium thermocouple. The specimen was held at this 
temperature for afew minutes under no-load conditions to
allow it to come to equilibrium. A tensile stress was 
applied to the specimen by pouring shot into a bucket on 
the end of a lever connected through a cable to the grip 
holding the specimen. The stress was increased on the 
specimen until rupture occurred. The test temperature was 
maintained throughout this period automatically. The 
tensile strength was computed by dividing the stress ap­
plied to the specimen at rupture by the area at the 
point of break.
Tensile Stress-to-Rupture Testing— Testing was ac­
complished using the machine previously described and 
shown in Fig. 5* The 8-inch tensile test specimen, shown 
in Fig. 2, was gripped in the water cooled heads of the 
testing machine. With the ends gripped securely, the 
central portion, the cermet section, of the specimen was 
heated to the desired test temperature of 1800°F in an 
hour. A preselected load was put on the heated specimen 
and the running-time meter started. When the specimen 
failed, the falling lever hit the microswitch which turned 
off the furnace and stopped the running-time meter which 
showed the time the load was carried. The resultant times 
were plotted against the stress on the specimen using a 
log-log scale.
V. RESULTS
A compilation of the results of different forming 
methods, compositions, and firing conditions are Included 
in this section and discussed in the next section since 
the development of suitable method of fabrication con­
stituted a major portion of this work.
Methods of Forming
Method a— A mixture of "as received length" fibers 
and metal powder in benzene was poured onto a Gooch fil­
ter. The benzene was drawn off forming a very porous 
filter cake. A considerable amount of the metal had 
separated out on the filter paper when the benzene was 
drawn off. This method was abandoned as it showed no 
promise.
Method b — Fibers were shortened to about 10 diameters 
long by ball milling because they were so long "as re­
ceived" that they prevented formation of a dense body by 
matting. Shortened fibers and metal powder were mixed to­
gether in a solution of benzene and Carbowax "4000" in a 
ball mill. The mixture was air dried and pressed in a 
0.5 inch diameter steel die at 26,000 psi to form buttons. 
These buttons were fired to various temperatures between 
2000°F and 2500°F after dewaxing.
During pressing the fibers were reduced in length
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further, a reduction which resulted in lengths deemed 
shorter than optimum. Attempts were unsuccessful to use 
fiber several times the length first used in this method. 
A metallographic examination of fired specimens revealed 
clumps of fiber had formed during the shorter milling 
time.
Cracking occurred perpendicular to the direction of 
applied pressure in all the specimens. Higher firing 
temperatures decreased the size but did not eliminate 
these cracks. Higher firing al30 resulted in decreased 
porosity accompanying increased shrinkage.
Method C— Casting of a slurry mixture of shortened 
fibers, metal powder, Carbowax "4000" and benzene was 
suggested by previous observation of the dense condition 
of the ball mill slurry from Method b. Casting would 
eliminate the objectionable fiber shortening which had 
occurred when the bodies were pressed.
Sintered cast bodies exhibited high porosity, high 
shrinkage, and severe warpage. The normal soaking per­
iod at maximum temperature of one hour was doubled with 
insignificant results in an effort to produce a dense 
body. Higher sintering temperatures were precluded as 
metal beads sweated out of the bars at 2600°F, indicative 
of overfiring.
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Method d— Fibers were broken to lengths considered 
too short, during pressing In Method b. Method d was an 
attempt to utilize this fiber breakage to shorten the 
"as received" length fibers to an acceptable length while 
in the same operation forming the cermet body.
In Method d, "as received" length fiber was dispersed 
in a solution of Garbowax "4000" and methanol. The mech­
anical mixture of fibers and liquid was made thick enough 
that the metal powder stayed suspended throughout the 
mixture. The Garbowax "4000" bonded the metal powder to 
the fiber when dried so the unformed composition could be 
handled without the loss of metal powder.
Unfired bodies which had been formed in a steel die, 
of 0.75 inch in diameter, at 5000 pounds exhibited fibers 
of a good length to diameter ratio. However, firing re­
sulted in bodies which were quite porous and exhibited 
severe cracking as encountered before in Method b.
Method 9— Press forming of fiberous compositions has 
the Inherent disadvantage of causing the formation of 
cracks in the bodies perpendicular to the direction of 
pressing. The fibers bend to some extent with the appli­
cation of pressure and straighten out when the pressure is 
released, expanding the body and forming cracks.
Compacting the body by vibration, as in Method e, 
was considered because it would allow the fibers and
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metal powder to orient themselves in a dense position 
with little or no pressure. Reports from North Carolina 
State College showed promising results for the vibrational 
compaction process in forming other m a t e r i a l s . 5*6
Vibratory techniques were used to form the first 
satisfactory unflred bodies. The best bodies were of a 
composition of metal powder and shortened fibers dampened 
with metanol to a slightly sticky condition. It required 
about 50$ of the dry weight of composition of methanol 
to produce such a sticky condition. While this resulted 
in considerable methanol in excess of that needed in the 
final undried formed condition, this excess rose out of 
the mold during vibration. When lesser amounts of methan­
ol were used, difficulty was encountered in distributing 
the liquid evenly throughout the composition and cracks 
formed in the specimens perpendicular to the direction of 
application of the slight restraining pressure.
In forming bars, three minutes of vibration resulted 
in bodies as strong as'could be achieved. One minute of 
vibration was sufficient to form the 0.5 inch diameter 
button specimens. A restraining pressure of about 5 psi 
was found desirable. This pressure was exerted by a 
weight on top of the top punch of the die assembly.
The first bar mold employed a small rubber gasket 
around channel iron spacers against the bottom of the
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mold case as Is shown in Fig. 6 . Numerous air bubble de­
fects appeared as pits in the top surface and bubbles 
inside the bar with this arrangement of equipment. This 
trouble wasllargely eliminated by the substitution of a 
wooden spacer for the channel irons. This made possible 
a larger gasket which could be held more smoothly around 
the bottom of the die case. This modification is shown 
in Fig. 7.
More effective sealing of the bottom of the die case 
did not permit as much methanol to drain out as previous­
ly. This increase in entrapped liquid did not seem to 
affect the fired strength of the bars. However, it did 
lower the green strength of the specimens considerably; a 
deficiency overcome by the addition of 8% by weight of 
Carbowax ”4000“ to the batch.
The photomicrograph of Composition 6.00-C, Fig. 8 , 
shows the resultant non-fibrous structure of compositions 
formed by vibrational techniques and subsequently sintered 
to a dense condition.
Method f— It became apparent, as discussed later, 
that in sintered specimens the fibers were acting to hold 
the structure open during firing. It was hoped that hot 
pressing, Method f, would force the metal to flow around 
the fibers to form a dense body. It would also avoid the 
problem of cracking after the forming operation.
The hot pressing cycle consisted of the following 
five steps. First, a graphite mold was filled with suffl 
clent loose composition to form a bar of the desired 
thickness and the top punch Inserted to contain the mater 
lal. After a i Inch layer of lampblack was spread over 
the bottom brick, the filled die assembly was set on this 
bedding layer. A top brick was layed on the top punch 
after the volume around the die inside the induction fur­
nace was filled with lampblack. A slight restraining 
pressure was applied to the punches with the press.
Second, heating was accomplished by passing a high 
frequency alternating current through the coil surround­
ing the die. A temperature of 1900°F to 2200°F, as 
measured on a chromel-alumel thermocouple, was attained 
in a matter of minutes.
Third, the desired pressing pressure of 2000 psi to 
3000 psi was applied to the composition and maintained 
until the material was densified. The maximum tempers,- 
ture was maintained during this pressing.
Fourth, the pressure was released and the die assem­
bly was removed from the furnace after the heating power 
was turned off.
Fifth, the die assembly was cooled in one of several 
ways. The dies deteriorated rapidly when allowed to cool 
in air. Subsequently they were cooled in a. helium atmo­
sphere or covered with lampblack. Attempts to cool the
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dies In an atmosphere of CO21 supplied by shblimatlng 
dry-ice, also resulted in rapid deterioration of the dies. 
This occurred because at 1800°F the CO2 concentration at 
equilibrium is only about 1% from the reaction CO2 * C ■ 
200 7’8.
Hot pressing provided a successful method of fabri­
cating the fiber base cermet. Figure 9 of composition
12.00 hot pressed at 1900°F and 3170 psi, Fig. 10 of com­
position 12.00 hot pressed at 2200°F and 2110 psi, and 
Fig. 11 of composition 5*00-K hot pressed at 2200°F and 
3170 psi show fibers retained in the fired body.
Thin 2 and 3*5 inch bars and thicker, 4 by 0.5 inch 
square bars were hot pressed successfully. Bars over 4 
inches long by 0.5 inch square were not made because of 
the weakness of the graphite dies.
Method g— Since aluminum has a low melting point of 
1220°F, a method of melting the aluminum and then stir­
ring in the fiber was deemed a possibility. Solid alumi­
num pieces were melted in porcelain crucibles, the cruci­
bles withdrawn from the furnace, and shortened or "as 
received" length fibers stirred into the molten aluminum. 
The crucible was handled in an insulating brick holder 
which maintained the high temperature of the melt and 
provided easier handling of the crucible.
Difficulty was encountered with this method because 
of the lack of wetting of the fibers by the aluminum.
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Several unsuccessful attempts were made to aid wetting 
through lowering the aluminum's surface tension by in­
creasing the temperature of the melt 500°F^ and removing 
the air film around the fibers by firing the mixture of 
fibers and aluminum in vacuum.
Variations in Compositions
General results of forming and firing the different 
compositions are described in this discussion.
Composition 1— This composition consisted of 42^ by 
volume 302B stainless steel and 58$ Johns Manvllle meta- 
kaolin fiber. When this body was sintered at 2500°F, the 
fiber structure of the ceramic phase was lost and it be­
came the continuous phase. A photomicrograph, Fig. 12, 
shows the resultant structure. The light phase is the 
302B stainless steel, the medium dark phase is metakaolin 
fiber, and the dark phase is pores.
Composition 2— In this composition the amount of 
ceramic fiber was reduced to 42% by volume and the metal 
increased to 58% because it was undesirable for the cer­
amic phase to be the continuous one as in composition 1. 
Polished sections of specimens of composition 2, examined 
microscopically, exhibited a continuous metallic phase as 
desired.
Composition 3— "Washed Grade 212" metakaolin fiber 
from the Carborundum Company was substituted for the
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fiber previously used. This "Washed Grade 212" type of 
fiber had considerably more of the shot removed than did 
the previously used fiber.
Composition 4— A 318-Si stainless steel constituted 
the metallic phase in this composition. This type of 
stainless steel is noted for better oxidation resistance 
than 302B stainless steel, previously used. Sintered 
specimens of this composition had considerably higher 
porosity and lower oxidation resistance than those speci­
mens whose metallic phase consisted of 302B stainless 
steel.
Composition 5— Better oxidation resistance was ob­
tained from specimens of higher metal content, up to 
about 75% volume of metal. This composition, Number 5» 
had the metal phase increased to 75% by volume. Polished 
sections of sintered specimens of this composition showed 
little remained of the fibrous character of the ceramic 
phase.
Composition 5-K— This composition is one in which 
coarse Fiberfrax replaced the finer "Grade 212" previous­
ly used. Figure 11 is a photomicrograph of a specimen 
of this composition which was successfully hot pressed. 
The fibrous character of the ceramic phase was preserved 
and can be observed with the naked eye on polished faces, 
of the specimens.
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Compositions 6, 7. 8— These compositions represented 
attempts to lower the temperature at which the metal phase 
would sinter to a dense condition by the addition of var­
ious amounts of chromium boride. It was hoped the metal 
would sinter dense before the fibrous character of the 
ceramic phase was lost. The sintering temperatures were 
dropped as low as 1900°F with these additions but the 
fibrous character was not preserved to any significant 
degree. The photomicrographs, Fig. 8 of composition 6.00C 
fired at 2100°F, Fig. 13 of Composition 6.00 fired at 
2000°F, and Fig. 14 of composition 7*00 fired at 2150°F, 
show the globulatlon present in these compositions when 
sintered dense.
Composition 9 and 10— Silicon was added in these 
compositions to lower their sintering temperatures in an­
other attempt to preserve the fibrous character of the 
ceramic phase. Specimens sintered at 2250°F still re­
tained considerable porosity. Composition 9.00 sintered 
at 2250°F retained a few of the coarser fibers, consider­
able porosity, and showed a tendency for the metallic 
phase to segregate.
Composition 11— Attempts were made to sinter a cer­
met of aluminum powder and metakaolin fiber. In such a 
composition, the fibrous character of the ceramic phase 
would not be lost because of the low melting point of 
the aluminum.
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The attempts were unsuccessful to sinter or melt 
powdered aluminum with metakaolin fiber. The individual 
aluminum grains showed little tendency to sinter or melt 
together though temperatures were used of as high as 
400°F above the melting point of aluminum. Both a helium 
and an air atmosphere were used in these heats.
In another approach to the problem of producing an 
aluminum ceramic-fiber cermet, the aluminum was melted 
separately and attempts made to stir in the ceramic fi­
bers. The results were negative as the fibers were not 
wet by the molten aluminum. Higher temperatures to re­
duce the surface tension and vacuum melting to remove the 
possible air film around the fibers were unsuccessful in 
promoting wetting.
Composition 12— A highly silicious refractory fiber, 
Refrasll, was substituted for the previously used meta­
kaolin fiber. A porous body resulted when specimens con­
taining Refrasil were sintered at a temperature of 2400°F. 
This temperature previously had yielded dense specimens 
of compositions using the same weight percentages of meta­
kaolin fiber. Fibers were found to still be present in 
specimens of composition 12.00 sintered at 2400°F.
Specimens of this composition were successfully hot 
pressed. Figure 10 of this composition hot pressed at 
2200°F and 2110 psi shows good retention of the fibrous 
character of the dark ceramic phase.
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Compositions X-2.5 GrBv, X-5«0 CrBy, X-2.5 Mo,
X-5.0 Mo. X-2.5 Al. X-5«Q Al. X-2.5 Sl-K. X-5.0 Sl-K.
X-0.5 SI. and X-1.0 Sl-K— These all-metal compositions
*
were used for quick screening tests to determine the ef* 
feet on sintering range of additions of small amounts of 
modifiers on the metal phase. The effects are shown in 
Table VI, "Firing Shrinkage of Sintered Specimens."
Firing Conditions of Compositions
Two basic methods were used in the main in this 
study for heating the cermet body to obtain a solid cer­
met specimen; sintering and hot pressing. A third, melt­
ing and mixing, was briefly used such a limited number of 
timesthat a tabulation of the attempts would be almost 
useless.
The various conditions under which sintering was con­
ducted are listed in Table III, "Sintering Conditions."
The sintering atmosphere, purified helium, does not appear 
on the table as it was the same in every case.
The conditions under which the various compositions 
were hot pressed are not tabulated separately as all the 
different conditions are listed in Table y, "Modulus of 
Rupture of Hot Pressed Specimens."
Modulus of Rupture
Modulus of rupture testing was carried out at room 
temperature, nominally noted as 75°F in the tables, and
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at elevated temperatures. Firing shrinkage is supplied 
where available as there seems to be a high degree of 
correlation between the high values for modulus of rupture 
and shrinkage. TableW  shows the moduli of rupture of the 
sintered specimens at room temperature. Table V is of 
the moduli of rupture of hot pressed specimens at room 
temperature and at elevated temperatures.
Firing Shrinkage
Firing shrinkage was used throughout this study as an 
indication of the degree of denslficatlon achieved with 
the various compositions and forming conditions. Shrink­
ages obtained for the bars tested for modulus of rupture 
also are listed in Table IV.
In the study of the effect of small additions of 
modifiers to compositions to lower their sintering temper­
ature, firing shrinkage was taken as a measure of the 
ability of the modifier to effect densification at the 
attempted sintering temperature. Table VI shows the ef­
fect of the modifiers on the compositions when sintered 
at various temperatures.
Oxidation Resistance
The first method used to measure oxidation resistance 
is to note the rate of weight gain as part of the speci­
men is oxidized. It becomes more and more difficult for
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TABLE III 
Sintering Conditions
Composition Sintering Conditions* (°F)
100% 302B 2500
1.00 2500
2.00 2400 2350 2300
2.00 2200
3.00 2600 2500 2400
3.00 2375 2350** 2290**
3.00 2250
3.10 2550 2500 2400
3.25 2575 2500 2400
4.00 2475 2400 2300
4.25 2430 2400
5.00 2510 2400 2375
5.00 2365 2300
6.00 2100 2050 2000
6.00 1950
7.00 2150 2050
8.00 2150 2050 1950
9.00 2250** 2250 2200
9.00 2175**
10.00 2250** 2250 2200
10.00 2175**
11.00 1100
12.00 2400
X-2.5 CrBx 2200 2150 2100
X-5.0 CrBx 2200 2150 2100
X-2.5 Mo 2200 2150 2100
X-5.0 Mo 2200 2150 2100
X-2.5 Al 2250 2200 2100
X-5.0 Al 2250 2200 2100
X-2.5 Si-K 2250 2200 2100
X-5.0 Si-K 2250 2200 2100
X-0.5 Si 2250 2150 2050
X-1.0 Si 2250 2150 2050
*One hour soak at maximum sintering
temperature except as noted 
**Two hour soak
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TABLE IV
Room Temperature Modulus of Rupture of Sintered Specimens
Composition Sintering
Temperature,
(°F )
Modulus of 
Rupture 
(psi)
Firing
Shrinkage
m
3.00 2250 37,500 20
2375 50,000 23
2500 60,000 27
3.10 2400 41,500 22
2500 42,000 24
2550 50,500 25
3.25 2400 35,500 21
2500 41,500 24
2575 48,500 24
4.00 2300 25,500 18
2400 33,500 23
2475 26,500 23
4.25 2400 16,.000 16
2430 17,500 19
5.00 2300 56,000
2400 66,000 24
5.00-C 2365
2400*
47.500
80.500
6.00-0 2100 53,000 25
*Blue glass sweated out which changed 
composition
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TABLE V
Modulus of Rupture of Hot Pressed Specimens
Oomposltion Pressing Conditions 
Temperature Pressure 
(°F) (psi)
Test
Temperature
<°F)
Modulus of 
Rupture 
(psi)
100$ 302B 2000 2110 75 140,500
2100 2110 75 151,500
5.00 2000 2110 75 60,000
2200 2110 75 93,000
2000 3170 75 96,500
2200 3170 75 67,000*
12.00 1900 3170 75 47,000
2100 2110 75 61,000
2100 3170 75 68,000
2200 2110 75 107,000
12.50 2200 2110 75 41,500
5.00-K 2000 3170 75 96,000
2200 3170 75 129,000
5.00-K 2200 2300 1400 39,000
2200 2300 1400 41,500
2200 2350 1400 46,500
2200 2350 1400 36,000
5.00-K 2200 2350 1600 27,500
2200 2350 1600 19,000
2200 2350 1600 32,500
2200 2200 1600 31,000
2200 1200 1600 23,000
5.00-K 2200 2350 1800 17,000
2200 2350 1800 16,500
2200 2350 1800 17,000
100$ 302B 2200 2350 1400 54,500
2200 2350 1600 25,000
2200 2950 1600 26,000
2200 2350 1800 10,000
*Layers of fiber were present In this specimen.
39
TABLE VI
Firing Shrinkage of Some Sintered Specimens
Composition Sintering
Temperature*
(°F)
Firing
Shrinkage
<50
5.00 24-00 24
6.00 1950 18
2000 24
2050 24
6.00-C 2100 25
7.00 2050 10
2150 19
8.00 1950 18
2050 21
2150 26
9.00 2175** 20
2200 21
2250 24
2250** 25
10.00 2175** 16
2200 17
2250 23
2250** 24
11.00 1100 0
12.00 2400 20
X-2.5 CrBx 2100 32
2150 32
2200 32
X-5.0 CrBx 2100 28
2150 28
2200 28
X-2.5 Mo 2100 21
2150 20
2200 20
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TABLE VI (Continued)
Composition Sintering
Temperature
(°F)
Firing
Shrinkage
w
X-5.0 Mo 2100 20
2150 20
2200 22
X-2.5 A} 2100 15
2200 22
2250 22
X-5.0 Al 2100 6
2200 9
2250 10
X-0.5 Si 2050 26
2150 30
2250 32
X-1.0 Si 2050 26
2150 29
2250 29
X-2.5 Si-K 2100 21
2200 21
2250 22
X-5.0 Si-K 2100 17.
2200 17
2250 17
*One hour soak time at maximum sintering 
temperature except as noted
**Two hour soak time
the oxygen to unite with the oxidizable elements of the 
body if the oxidation process forms a tight protective 
layer on the surface. Thus the process resultsiin a 
parabolic curve when unit area weight gain is plotted 
against time. If it is parabolic, a plot of the unit 
area weight gain squared against time should yield a 
straight line, the slope of which should be a parameter 
of relative oxidation resistance. This parameter could 
then be used in comparing relative resistances of several 
different compositions.10,11 A second method of measur­
ing oxidation resistance l s t o  measure the thickness of 
the resulting oxide layer on the specimen.
Oxidation resistance tests were conducted for 100 
hours at 2000°F on sintered specimens representing sev­
eral different compositions and firing conditions and on 
hot pressed specimens formed by various combinations of 
pressure and temperature. The tests were conducted in a 
Globar heated furnace with no special attempt made to 
provide a moving atmosphere. However, leakage and occas­
ional opening of the doors have been found to provide a 
sufficiently fresh atmosphere.
Results of the tests, on a weight gain basis, are 
shown in Table VII. The specimen of composition 5 .00 
sintered at 2500°F showed signs of a:slight amount of 
spalling of the oxide scale, which might partly account
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TABLE VII 
Oxidation Resistance at 2000°F
Composition Sinterlng 
Temperature 
(°F)
K
mg^/cnr/min
100J6 302B 2500 1.11*
3.00 2250 0.0220
2375 0.0500
2500 0.0417
3.10 2400 0.0271
2500 0.1040
2550 0.1122
3.25 2400 0.0205
2500 0.0319
2575 0.0335
4.00 2300 2.325
2400 2.13
2475 0.177
4.25 2400 1.37
2430 0.550
5.00 2400 0.0697*
2500 0.000825*
*These specimens showed a loss of weight because 
their oxide scale tended to pop off. This re­
sulted in a negative value of K which, while 
not precisely the same as if the weight gain 
could be recorded, gives an idea of the rela­
tive value of the oxidation resistance of the 
material.
TABLE VII (Continued)
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Compositions Hot Pressing Conditions K .
Temperature Pressure mgvcrn /min 
■ (°F) (psi)
100$ J02B 2000 2110 0.611
2100 2110 0.566
5.00-K 2000* 3170 0.272
2200* 3170 0.160
5.00-K 2000 2110 0.412
2000 3170 0.328
2200 2110 0.084
2200 3170 0.075
* These forming temperatures may not he accurate 
because the thermocouple used to measure their 
forming temperature was found to be defective 
a few runs after these specimens were made.
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for Its very low weight gain. Table VII showa a marked 
difference in the resistance coefficients of the differ­
ent compositions. The relative difference in sintered 
specimens is shown graphically in Fig. 15 which shows the 
amount of oxidation per unit area per unit time. It 
shows that composition 4.00, containing 318-Si stainless 
steel, oxidizes much faster than either composition 3.25 
or composition 5*00, containing 302B stainless steel.
Also Fig. 15 shows that the composition with the higher 
metal content oxidizes less, as is Illustrated by a com­
parison of composition 5*00 with a greater amount of the 
same type of metal as composition 3«25»
The sintered specimens were cross-sectioned to ob­
serve the thickness of the oxide layer. Compositions 3 
and 5, which employ 302B stainless steel, had oxide 
layers which were not easily detected with the naked eye. 
Specimens of composition 4, which employed 318-Si stain­
less steel, had oxide layers ranging from 0.03 inch for 
specimens sintered at 2475of to 0.125 inch for specimens 
sintered at 2300°F and 2400°F.
Table VIII gives the oxidation parameter K for a 
number of materials for comparison with the parameters 
obtained in this work. It can be seen that compositions 
3 and 5» which contain 302B stainless steel, have oxida­
tion resistances of the same order of those of Table VIII 
which are considered good.
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TABLE VIII
Oxidation Parameter K for Various Materials
at 2000°F1:l
Material K . 
mg2/cm /min
TIC 1.15
TiC * 10$ Cr 0.486
TIC * 30$ Cr 0.081
TIC * 10$ Fe 2.28
TIC * 30$ Fe 3.22
TiC ♦ 10$ NiAl 1.12
TiC t 30$ NiAl 0.683
TiC * 10$ 50/50 Ferrosilicon 0.683
TIC * 30$ 50/50 Ferrosilicon 2.53
TiC ♦ 10$ Duriron 1.07
TiC * 20$ Co (K138)* 2.52
(Ti, Ta, Nb) C ♦ 20$ Co (KI38A)* 0.039
(Ti, Ta, Nb) C * 20$ Ni (K151A)* 0.062
55.5$ TiC + 17.9$ TiB2 *10$ Si+16.7$ Co 0.035
SiC 0.007
^Manufactured by Kennametal Inc., Latrobe, 
Pennsylvania
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Oxidation tests of hot pressed composition 5«00-K 
revealed a tendency of the oxide scale to pop off during 
cooling. For this reason, the tests were conducted in 
porcelain crucibles which were covered during cooling to 
retain the bits of flying scale. Under the loosely held 
layer of scale there was a tightly adherent layer of 
oxide which had to be ground off to be removed.
Relative rates of oxidation of several of the hot 
pressed specimens are shown in Fig. 16. The differences 
shown in this figure reflect the effects of composition, 
porosity, forming temperature, and pressure. Composi­
tion 5»00-K hot pressed at 2000°F and 211'0 psl has the 
poorest resistance because of highest porosity. When the 
pressing pressure is increased to 3170 psl, the oxidation 
resistance is increased. When the forming temperature is 
Increased to 2200°F, the oxidation resistance is further 
bettered due to better flow and consolidation of the 
metal which results in lower porosity. The oxidation 
resistance of the specimens hot pressed at 2200°F is 
considerably better than that of 100^ 302B stainless 
steel specimens. Again, the oxidation resistance of 
these hot pressed specimens, shown in Table VII, is of 
the same order as those of Table VIII which are consid­
ered good.
Modulus of Elasticity
Sonic moduli of elasticity at room temperature were
I
determined for the hot pressed specimens shown in Table 
IX. Results from this series of tests Indicate the modu­
lus of elasticity in these specimens is sensitive to 
porosity. The specimen formed under highest pressure 
has the highest modulus, equalling that of the straight 
stainless steel bars. These bars, themselves, are lower 
than the 29 million psi modulus12 usually given for J02B 
stainless steel.
Impact Strength
The impact strength of specimens of composition
5.00-K was determined at room temperature. The results 
of this test are listed in Table X. Adjusted values are 
shown in the table. That is, allowance was made for de­
viations from the standard dimensions. The bars were 
supposed to be 0.288 inch square by 1.5 Inches long with
1.0 inch projecting from the vise. In the specimens 
tested there were some variations in widths of the bars 
and points of break. A straight line relation was as­
sumed between widths, which is known to be Incorrect but 
does give an approximation of the effect. A similar 
correction is made between the desired moment arm of 
0.875 inch and the actual length of arm indicated by the 
point of break.
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TABLE IX
Sonic Modulus of Elasticity of Some 
Hot Pressed Specimens
Composition Pressing Conditions 
Temperature Pressure 
(®F) (psi)
Modulus of 
Elasticity 
(million psl)
5> • 00-K 2200 2350 17.5
2200 2050 14.9
2200 1200 13.3
100$ 302B 2200 2350 18.6
2200 2350 16.7
TABLE X
Impact Strength of Composition 5.00-K 
Hot Pressed at 2200°F and 3170 psl
Specimen Impact
N o . Strength
(inch-lbs)
1 6.9
2 4.7
3 2.9
4 3.8
5 4.2
6 4.1
7 6.0
8 4.3
mean 4.6
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Tensile Strength
The tensile strength of specimens of composition
5.00-K hot pressed at 2200°F and 2000 psl at various 
temperatures was determined. Results are shown in Table 
XI and Fig. 17• The strength at 14QQ0F had dropped to 
half of the room temperature value. As the temperature 
was increased, the strength dropped off more rapidly. No 
necking of the test specimens could be detected by mi­
crometer measurement of the diameter of the neck section 
before and after the test. All the bars broke in sudden 
sharp rupture at their minimum area section.
Tensile Stress-to-Rupture Values
The stress-to-rupture test was run at 1800°F on 
specimens of composition 5»00-K hot pressed at 2200°F and 
2000 psl. The times the specimens carried the loads are 
shown in Fig. 18. All the stress-to-rupture times found 
fall on the expected straight line except the value for 
the 3000 psi stress. Examination of the section of the 
specimen at the point of rupture revealed a number of 
small defects.
No necking of the specimens was encountered with the 
first three stresses applied (5000 psi, 4000 psl, 3000 
psi). Specimens carrying these loads broke in less than 
an hour. In the case of the 2000 psl stressed specimen, 
however, the load was carried over 20 hours and consider-
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TABLE XI..
Tensile Strength of Composition 5.00-K 
Hot Pressed at 2200°F and 2000 psi
Test
Temperature
(°F)
Tensile
Strength
(pal)
75 62,500
75 59,500
1400 29,000
1600 17,200*
1600 24,000
1800 10,700
1800 7,000**
1800 10,200
* Load applied very slowly allowing a 
stress-to-rupture effect.
** Defect was found at necked section.
able necking of the specimen was encountered. The diam­
eter was reduced 25$ during the test.
Porosity and Density Measurements
Results of measurement of apparent porosity and 
density of a number of hot pressed specimens formed under 
several pressures and temperatures are shown in Table 
XII. Again the influence of higher temperatures and 
pressures during the forming operation was shown.
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TABLE XII 
Porosity of Hot Pressed Specimens
Composition Forming Conditions Density Porosity
Temperature Pressure . ($)
(°F) (psi)
100$ J02B 2000 2110 7.15 ....
2100 2110 7.19 0.0
5.00 2000 2110 5-95 2.2
2000 3170 6.31 0.6
2200 2110 6.31 0.4
2200 3170 6.3 0.8
5.00-K 2000 3170 6.3 0.5
2200 3170 6.3 0.2
12.00 1900 3170 5.81 2.1
2100 2110 5.96 7.1
2100 3170 6.00 0.3
2200 2110 6.02 1.4
VI. DISCUSSION
Sintered Stainless Steel Ceramic-Fiber Specimens
Forming Methods— The first method tried, that of 
mixing long ceramic fibers with powdered metal In a 
liquid vehicle and then drawing off the vehicle, showed 
no promise because the metal particles collected on the 
filter paper. This method was not pursued further.
Pressing was tried early in the Investigation but 
several Inherent difficulties due to the fiber ensued. 
Fiber breakage to lengths such that the fiberous char­
acteristics were lost was the first difficulty. This 
could be avoided by adding the fiber In sufficiently 
long lengths to the composition since the relative short­
ening of the fiber was a function of the pressure ap­
plied. High porosity in the body was the second diffi­
culty. The porosity varied as the length of the fiber 
used; that is, long fiber gave high porosity. Matting 
of the fiber during pressing was though to cause this. 
When a conventional granular body is pressed, the grains 
flow into positions to yield a minimum of Voids. How­
ever, with fibers, the first pressure merely presses them 
together with a minimum of shifting of fibers. After a 
pressure at which the fibers are broken sufficiently to 
act as granules, a more dense body results. A third 
difficulty was cracking of formed specimens in planes
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perpendicular to the direction of applied pressure. This 
is surmised to he due to the elastic deformation of the 
fibers when pressure is applied. When the pressure was 
released, the fibers straighten out expanding the body in 
the opposite direction to that of the applied pressure. 
The summation of the elastic return of the multitude of 
fibers resulted in the formation of the cracks.
Slip casting was tried briefly because it would 
avoid the objectionable fiber shortening encountered with 
pressing. Casting was suggested by the dense dried slur­
ry obtained upon drying the materials preparatory to 
pressing. A very porous body resulted despite higher 
firing temperatures and longer soaking periods. Bodies 
formed in this manner also warped and cracked badly when 
fired. Undoubtedly the high porosity was caused by en­
tangling and matting of the fibers, holding the body open 
and preventing densification as the liquid evaporated 
during the casting process. The same results would be 
expected if the liquid was absorbed in a porous mold.
A vibrational method, which seemed a logical means 
of circumventing the troubles of fiber breakage, specimen 
cracking, and warpage, resulted in the first acceptable 
bodies formed. It produced as dense a body as the best 
formed by pressing and eliminated cracking.
The requirements found in this work of light retain­
ing pressure, vibration time of about 1 to 3 minutes, and
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liquid to be present agree with those obtained using 
vibrational methods of compaction of powders at North 
Carolina State C o l l e g e . - ^ ^  marked difference was 
encountered in the amount of liquid necessary. Although 
North Carolina State College reported only of liquid 
was necessary,^ it was found necessary when using a com­
position containing fibers to add enough liquid to give 
a sticky mixture before vibration, that is, up to 50$ of 
the dry weight of the batch. Much of this liquid subse­
quently came off during vibration, leaving a body that 
was slightly damp.
When only a 3mall percentage of liquid was added to 
the fiber base composition, the body appeared well formed 
upon removal from the forming die. However, cracking ap­
peared upon drying. In the first attempt to use a small 
amount of liquid, cracking was caused by a poor distri­
bution of the liquid throughout the body, with resultant 
differences in drying shrinkage. Further attempts to use 
small amounts of liquid mixed thoroughly again resulted 
in cracking during drying. The majority of these cracks 
appeared in a plane perpendicular to the direction of 
vibration.
Vibrational equipment used at North Carolina State 
College was of different design"^ than that used in the 
work on fiber base cermets. Several bar specimens of
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compositions 5*00 were formed on the equipment at North 
Carolina State. When attempts were made to form bodies 
of low liquid content with this equipment, horizontal 
cracking was encountered similar to the difficulty en­
countered forming damp bodies with our equipment. This 
indicated the cracking problem was inherent in the fibrous 
nature of the constituents of the composition rather than 
the forming equipment used.
The problem was caused by the compressive bending 
during forming and the elastic recovery during drying of 
the fibers, similar to the cracking encountered in pressed 
bodies. The compressive bending during forming must be 
avoided to eliminate these cracks. The solution was to 
add sufficient liquid to permit the fibers to orient them­
selves in positions to give the formed composition a 
minimum volume rather than pressing them into such posi­
tions, as occurred with damp bodies.
Bodies formed in the original bar die assembly, 
shown in Fig. 6, had air bubble defects. The bubbles 
were found throughout the body and against the top punch 
forming a dished cavity in the top of the bar. The air 
was thought to have entered between the bottom punch and 
the die case. Bubbles which rose through the body dur­
ing vibration collected under the top punch face. When 
the vibration stopped, the body lost the fluidity imparted
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to It by the vibration and the air remained entrapped.
Several methods of avoiding these defects existed.
A body formed from a composition with only a few percent 
moisture did not exhibit these bubble defects. However, 
as previously discussed, such a body cracked destructive­
ly when dried. Another method of avoiding bubbles was to 
cut off the entry of the air. A larger rubber gaskefi 
held more smoothly by a wooden spacer completely around 
the bottom of the die case, as shown in Fig. 7, sealed 
this Juncture more effectively. A third method was to 
minimize the length of the seam where the two pieces 
meet, as in the case of a cylindrical die.
The addition of a more effective rubber seal to the 
Juncture, while successful in keeping out air, retained 
more moisture in the body. The resulting bar was too 
weak to handle when dried, though exhibiting no loss in 
fired strength. Garbowax "4000" was added to the compo­
sition to Impart dry strength.
A 0.5 inch diameter die produced satisfactory spec­
imens which showed few if any air bubble defects and 
possessed sufficient dry strength to be handled without 
the addition of Garbowax.
Variation of Composition— The compositions used 
thoughout consist basically of a stainless steel and a 
refractory ceramic fiber. Such a composition was sug­
gested by the work of Pausewang,^- who found that stainless
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steel could be used to bond mullite grains. The first 
two types of ceramic fibers used were of similar composi­
tion to mullite and so could be expected to be bonded to 
stainless steel.
In the first composition which was 57*5$ by volume 
ceramic fiber, the ceramic constituent became the contin­
uous phase when sintered. To alter this, the metal phase 
was increased since the desired cermet consisted of a 
fibrous ceramic phase imbedded in a continuous metallic 
phase. The second composition reflects this increase. In 
this second composition, the metal phase became the con­
tinuous one.
As received, the J-M fiber first used contained much 
dark shot. A cleaner fiber of almost identical composi­
tion was available from the Carborundum Company. It was 
employed in composition 3 anh subsequent compositions be­
cause it was more easily prepared.
Composition 4 was similar to 3 except the 302B stain­
less steel was peplaced by 318-Si stainless steel. It 
was thought the 318-Si stainless steel might produce a 
cermet having better oxidation resistance because of the 
better oxidation resistance of the 318-Si stainless steel. 
This composition did not sinter to as dense a condition, 
had lower strength in cross bending, and lower oxidation 
resistance than previous ones containing 302B stainless
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steel. Undoubtedly the loss of strength and oxidation 
resistance was caused by the poorer sintering tendency of 
this composition.
Composition 5 represented an Increase In the metal 
content to 75% by volume. Previous work had indicated 
higher metal compositions had higher cross bending 
strengths. An oxidation test showed the volume of metal 
in this composition to be slightly higher than optimum. 
This was indicated by a slight tendency of the oxide 
layer to pop off during cooling.
Oxidation and cross bending tests indicated compo­
sitions which employed the more finely ground stainless 
steel had better oxidation resistance and higher 
strengths. When composition 5*00, employing stainless 
steel ground 1J0 hours (20 hours longer than previously), 
was sintered at 2400°F to get a dense body, a signifi­
cant amount of the ceramic phase sweated out as a blue 
glass. Apparently during the longer grinding time enough 
other material from the steel mill and tungsten carbide 
slugs had been picked up by the stainless steel to flux 
the ceramic fibers. Examination of the blue glass under 
a petrographlc microscope revealed needles, Identified 
as mullite, in a blue glass matrix. The blue color prob­
ably came from cobalt picked up from the cobalt-bonded 
tungsten carbide mill slugs.
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Such melting at or near the sintering temperature of 
the metal phase, would destroy the fibrous character of 
the ceramic phase. The sintering temperature of the 
composition should be lowered to prevent this. Lowering 
could be accomplished by the addition of small amounts of 
modifiers which would form solid solutions and eutectics 
with the Iron. Incipient melting, which would aid sint­
ering, would be expected at points of contact between the 
grains of modifier and the stainless steel.
During the sintering, the small amount of modifier 
would become widely distributed throughout the metal 
phase. Thus, during subsequent heatings, the modifier 
would have little or no effect on the characteristics of 
the metallic phase.
Molybdenum, boron (as chromium boride), silicon, 
and aluminum were added as such modifiers. Encouraging 
results from firing shrinkage and porosity tests on 0.5 
inch diameter button specimens were obtained with boron 
and silicon additions. Compositions 6, 7» and 8 (con­
taining boron) and 9 and 10 (containing silicon) incor­
porated these modifiers in compositions containing 
ceramic fibers and stainless steel.
Composition 6, which contained 2.5f° of the metallic 
phase as chromium boride, sintered to a dense body as 
low as 2000°F. However, the fibrous structure was
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largely lost as shown In Fig. 13* A comparison with Fig.
1 of the crushed fiber as it was added to the composi­
tions shows the individual globule size in Fig. 13 ap­
proximates the size of an average fiber. The use of lower 
sintering temperatures resulted in specimens considered 
too porous. A smaller amount of chromium boride, 1$ of 
the metal phase, was used in composition 7 but the fi­
brous character was again lost at the temperature (2150°F) 
necessary to achieve a dense specimen, as shown in Fig.
14.
Compositions containing 0.5$ and 0.25$ of the total 
metal content as silicon (compositions 9 and 10) were 
sintered at temperatures between 2175°F and 2250°F with 
soak times of from 1 hour to 2 hours. Polished sections 
of these specimens showed a few more fibers remaining 
than in the case of the bodies modified with boron. The 
compositions were, however, objectionably porous.
These sintering temperatures are well below the 
temperature (2300°F) at which fibers were found to first 
deform in bodies which employed pure stainless steel. 
However, none of the modifiers investigated were success­
ful in producing a sintered cermet which retained the 
fibrous character of the ceramic phase. Modifiers which 
lowered the sintering temperature of the metal also low­
ered the refractoriness of the metakaolin fiber at least 
an equal amount.
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Refrasil, a highly sillcious refractory fiber, was 
substituted in composition 12 in place of the previously 
used metakaolin fiber. Specimens of this composition 
were still porous when sintered at temperatures as high 
as 2400°F, which had yielded dense specimens of composi­
tions containing metakaolin fibers. A polished section 
of composition 12 Indicated silicious fibers still to be 
present in the specimen sintered at 2400°F.
Hot Pressed Stainless Steel Ceramic-Fiber Specimens
Results from sintering fiber base cermets, including 
those composed of metakaolin fiber and 302B stainless 
steel with and without modifiers, and those substituting 
sillcious fiber for metakaolin fiber, showed the sinter­
ing temperature necessary to obtain a dense specimen is 
not a function of the melting or sintering range of the 
metal but a function of the temperature at which the 
fibers globul&te. This fact is illustrated especially 
well by a comparison of the porous fibrous specimens 
which incorporated sillcious fibers with the dense, non- 
fibrous specimens that incorporated metakaolin fibers. 
Both had the same amount of 3023 stainless steel. Both 
were sintered at 2400°F. The only difference was the 
type of fiber employed. This indicated densifaction was 
hindered by a network of fibers which acted to hold the 
body open.
A successful method of fabrication of this type of 
composition would have to overcome this tendency of the 
fibers to hold the body open and force the metal to flow 
around the fiber network. Hot pressing is one such 
method. Hot pressing would also eliminate the problem of 
cracking due to elastic recovery of the fibers since 
they would be permanently restrained when the metal con­
solidated around them.
Specimens of compositions 5*00, 5»00-K, and 12.00 
were successfully hot pressed at temperatures of from 
1900°F to 2200°F and pressures of from 2000 psl to 3170 
psi. Less pressure was used in a few cases where die 
punch breakage made application of the full load impossi­
ble.
The fibrous character was retained in specimens of 
composition 12.00 as shown in Figs. 9 and 10. The ef­
fect of an increase in pressing temperature from 1900°F 
to 2200°F is shown in these two photographs. The speci­
men formed at 1900°F has a large black hole defect while 
that formed at 2200°F has a structure almost free of de­
fects though pressed at only 2/3 pressure of the speci­
men formed at the lower temperature. This indicates the 
pressing temperature must be about 2200°F for the metal 
to flow sufficiently well under the pressure possible.
Only the coarser fibers remained in specimens of
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composition 5*00 hot pressed at 2200°F. However, a 
coarser metakaolin fiber was available and was incorpor­
ated in composition 5»00-K. Polished sections of speci­
mens of this composition showed good retention of fibrous 
character as illustrated in Fig. 11 of composition 5.00-K 
hot pressed at 2200°F and 3170 psi.
Properties of Hot Pressed Specimens
Modulus of Rupture— Room temperature moduli of rup­
ture of hot pressed specimens are shown in Table V and 
Fig. 19* The room temperature strengths of these speci­
mens, of as high as 129,000 psi, are almost twice that of 
similar sintered specimens. Figure 19 shows that in­
creased strength resulted in every case when the forming 
temperature was increased to 2200°F from 2000°F.
Elevated temperature moduli of rupture values for 
hot pressed specimens of composition 5»00-K, shown in 
Table V and Fig. 20 indicated that while the hot pressed 
specimens of straight stainless Bteel are stronger than 
composition 5»00-K at room temperature, the cross bending 
strength of the stainless steel specimens drops off more 
rapidly. Above 1500°F the specimens of composition 5*00- 
K are stronger.
Tensile Strength— A rapid decrease, shown in Fig. 17, 
from a 60,000 psi strength at room temperature was found 
with increasing temperature. By l400°F the strength was
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halved. In the l400°F to 1800°F range, the rate of de­
crease of strength became more rapid. However, no necking 
of the specimens could be detected In the tests as high 
as 1800°F.
Tensile Stress-to-Rupture Values— The results of 
this test, shown in Fig. 18, show this composition to have 
a rather low stress sustaining ability at 1800°F. But 
then it should be remembered that the metal can be formed 
by hot pressing at temperatures only 100°F higher.
Two characteristic types of behavior of the specimens 
carrying the loads were noted. At the higher loads, 5000 
psi and 4,000 psi, there was no detectable tendency by 
the specimen to neck down before rupture. Under a load 
of 2,000 psl, carried 40 times as long as the 4,000 psi 
load, the diameter of the neck of the specimen reduced 
25$ before rupture.
Impact Strength— A summary of the room temperature 
strengths of composition 5»00-K is found in Table X. The 
average strength was low, 4.6 lnch-pounds. It is in the 
range of some currently commercially produced cermets 
such as Kennametal's K 151-A. Comparison of impact 
strengths between laboratories is very difficult as the 
values depend greatly on the procedure, equipment, and 
the test used.
Impact strength would be expected to increase at
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elevated temperatures as the continuous metal phase be­
comes more ductile*
Oxidation Resistance— Results of the oxidation test 
on hot pressed specimens are shown in Fig. 16 and Table 
VII. The oxide layer of the specimens of composition
5.00-K showed a tendency to pop-off during cooling leav­
ing another tightly adherent layer beneath. The work 
with sintered specimens showed this to be the result of 
too high a percentage of metal in the body. Oxidation 
resistance could be expected to be improved if the metal 
phase was reduced. The oxidation resistance of composi­
tion 5.00-K hot pressed at 2200°F is of the same order as 
that of a number of other materials whose oxidation re­
sistance is considered to be good.
The results of tests on specimens of composition
5.00-K show the effects of hot pressing temperature and 
pressure. When pressed at 2000°F, the oxidation resis­
tance is improved by an increase in pressing pressure from 
2110 psi to 5170 psi. An increase in pressing temperature 
also results in an increase in oxidation resistance. At 
2200°F the difference in pressing pressures has little 
effect.
Oxidation resistance is porosity sensitive. Thus at 
2000°F, the body is less porous when pressed at 3170 psl 
than at 2110 psl. However, by 2200°F, the metal is more
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plastic and 2110 psi results in about as nonporous a 
body as possible. Hence, the increase to 5170 psi does 
not result in an increase in oxidation resistance.
The rate of oxidation of all the hot pressed speci­
mens of composition 5»00-K is less than that of straight 
502B stainless steel after 80 hours: fct 2000°F, and consld' 
erably better throughout the test for specimens of 5*00-K 
pressed at 2200°F.
Modulus of Elasticity— The values, shown in Table 
IX, for modulus of elasticity of hot pressed specimens 
of composition 5»00-K indicated that the test is sensi­
tive to the porosity of the specimens. As the forming 
pressure is Increased, there is an Increase in modulus 
of elasticity to that of the all-stainless steel bars.
The values of the specimens are all above that of 12 x 
10^ psl usually considered for ceramic materials.
CONCLUSIONS
Forming Methods
Hot pressing was used successfully to form a cermet 
with aifibrous ceramic phase. A dense body was achieved 
using 302B stainless steel and several types of ceramic 
fiber. Sillcious fibers were successfully incorporated 
in such a body. Only the coarser fibers of "Grade 212" 
metakaolin remained in hot pressed specimens. However, 
a coarser grade of raetakaolln fiber was available and 
was successfully Incorporated.
Sintering was tried unsuccessfully in attempts to 
form such a cermet. A dense body could not be achieved 
as long as the fibrous character of the ceramic phase 
remained. The fibers act as aiframework holding the body 
apart during sintering. Hot pressing overcomes this by 
forcing the metal to flow and consolidate, bending the 
fibers as necessary.
A successful method of forming the body before sin­
tering was developed. It consisted of Vibrating a 
dampened body mixture for 1 to 3 minutes in a die and 
drying the resultant specimen before firing. If large 
pieces are to be hot pressed, it may be necessary to 
preform the specimen by vibration techniques to reduce 
the very great punch travel encountered with the loose 
fibrous composition.
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Other methods of forming tried unsuccessfully were 
pressing and casting. Pressing "broke down the fibers and 
resulted in bodies which cracked because of the elastic 
nature of the bent fibers. Casting was defeated by the 
fibrous network holding the body open.
Composition
A finely ground 302B stainless steel and a course 
metakaolin fiber were used in the cermet developed in a 
3*1 volume ratio. This type of stainless steel resulted 
in the most dense, most oxidation resistafrt, strongest 
body of the types investigated. A finer grade of meta­
kaolin fiber than that used in the final composition did 
not retain its fibrous character well when hot pressed.
The use of metal-phase modifiers to lower the sinter­
ing temperature of that phase was tried unsuccessfully in 
an attempt to allow the metal to sinter dense before the 
fibrous character of the ceramic phase disappeared.
Boron and silicon lowered the sintering temperature 40o8f 
but objectionable porosity in the specimens persisted to 
as high a temperature as did the fibrous structure.
A cermet incorporating a siliclous fiber had only 
half the cross bending strength at room temperature of 
one with metakaolin fiber.
Attempts to fabricate a ceramic fiber and aluminum 
cermet were generally unsuccessful. Mixtures of powdered
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aluminum and ceramic fiber would not sinter or melt sig­
nificantly because of the oxide skin on the aluminum 
grains. Lack of wettability of the fibers by the alumi­
num defeated attempts to stir fibers into molten aluminum.
Properties of Hot Bressed Composition 5«00-K
Room temperature modulus of rupture tests Indicate 
hot pressed specimens containing coarse metakaolin fibers 
to have a strength of 129,000 psi, twice that of compara­
ble sintered specimens. Hot modulus of rupture tests 
showed these hot pressed specimens to be superior to 
straight stainless steel above 1500°F.
An oxidation test at 2000°F showed these specimens 
to have an oxidation resistance of the same order as 
other materials which are generally considered good. The 
tendency of the oxide scale to pop off during cooling 
was not present on specimens heated to only 1800°F.
Only room temperature impact strength data is avail­
able. It indicates the strength is low but as good as 
some commercially available cermets.
The tensile strength was found to drop off rapidly 
with Increase In temperature in the 1400°F to 1800°F 
range. The tensile stress-to-rupture values determined 
show a rather low stress sustaining ability at 1800°F.
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Fig. I:,. Shortened “Grade 212" Fiberfrax 
400X.
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Pig. 4. Impact strength machine
Fig. 5 . Tensile stress-to-rupture machine
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Fig. 6 . Steel 4.5 inch by 0.5 inch bar die 
with gasket and channel spacers
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Fig. 8. Composition 6.00-C sintered at 
2100°F. 400X
Fig. 9* Composition 12.00 hot pressed at 
1900°F and 3170 psl. 200X
FIs* 10* Composition 12.00 hot pressed at 
2200°F and 2110 psi. 200X
Fig. 11. Composition 5*00-K hot pressed at 
2200°F and 3170 psi. 100X
Fig. 12. Composition 1.00 sintered at 2500°F 
200X
Fig. 13* Composition 6.00 sintered at 2000°F 
200X
Fig. 14. Composition 7*00 sintered at 
2150°F. 200X
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Fig. 17. Tensile strength at various tempera­
tures for composition 5.00-K hot 
pressed at 2200°F and 2000 psi
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EQUIPMENT APPENDIX
Forming Equipment
. Mills for Grinding; Metal Powder-— The metal powder 
ground previous to incorporation In the composition was 
ground In hardened steel ball mills of approximately one 
quart capacity. Cobalt-bonded titanium carbide slugs 
were used for grinding.
Vibratory Forming Equipment— The vibrating table 
used was made of transite, because of its good vibration 
transmission properties, suspended between springs at 
each of its four corners. A pneumatic vibrator (Cleve­
land Vibrator Company, Type SA- 3/4 inch, 4000 vibrations 
per minute) was directly coupled to the bottom of the 
transite sheet so as to make the table vibrate in a di­
rection perpendicular to the major plane of the table.
A steel die of 0.5 inch ID with movable top and 
bottom punches was used to form the button specimens. A
4.5 inch by 0.5 inch bar die of steel, also with movable 
top and bottom punches, was used in addition. The bar 
die assembly as it was used for forming specimens by 
vibration, including the rubber gasket and small channel 
irons for spacers, is shown in Fig. 6. The assembly as 
shown in Fig. 6 was modified in the latter part of the 
period In which specimens were being formed by vibration. 
The channel irons used as spacers were replaced by a
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wooden spacer as shown In Fig. 7» When the wooden spacer 
was used the rubber gasket could be enlarged and held 
more smoothly completely around the bottom of the die 
case. Thus this Joint was more dependably sealed against 
the passage of air previously encountered.
Sintering Furnace— Specimens to be sintered were 
fired in a gas tight refractory tapered-end porcelain 
tube (1.5 inches ID by 1.75 inches OD by 45 inches long) 
surrounded by a tubular G-lobar heating element (2 inches 
ID by 3 inches OD by 30 Inches long). The heating ele­
ment was suitably insulated with refractory insulating 
brick and encased in a steel jackfet (30 inches by 24 
inches by 24 inches).
The helium atmosphere used was purified by a train 
consisting of successive stages of hot copper, activated 
alumina, and hot calcium. This controlled atmosphere 
for the firing chamber was fed into the gas-tight porce­
lain tube through an 0-ring seal with gasketed sight 
glass assembly. The atmosphere was exhausted from the 
tapered end of the tube through abubble bottle system 
to the exhaust duct. Two bar specimens were fired si­
multaneously on a 4.5 inch by 1.5 inch alumina boat. The 
boat was loaded into the large end opening of the tube 
which was then closed with the gasketed sight glass 0- 
ring assembly.
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Hot Pressing Apparatus--The hot press assembly is shown 
In Fig. 21. The load was applied with a 3-ton hydraulic 
press. The specimens were formed with graphite dies and 
punches surrounded by loose lampblack heated In an induc­
tion coil. The graphite dies used to form the 2-inch and
3.5 inch long bars are shown in Fig. 22. To press the 
4-inch by 0.5-inch by 0.5-inch bars, that were ground for 
tensile and tensile stress-to-rupture rods, a graphite 
die shown in Fig. 23 was used in a larger induction coil.
Testing Equipment
Room Temperature Modulus of Rupture Apparatus— The 
modulus of rupture of specimens at room temperature was 
measured on a machine which supported the specimen at each 
end of the 1.5 inch span on 0.125 inch diameter ball 
bearings and loaded the specimen at a single point in the 
middle of the span through an 0.125 inch diameter steel 
rod. The stress was applied by shot flowing into a bucket 
at the end of a lever arm which effectively multiplied 
the stress applied by a factor of 10. Vihen the test bar 
broke, the lever arm dropped and shut off the flow of 
shot.
Elevated Temperature Modulus of Rupture Apparatus—  
Test specimens were supported in a Globar heated labora­
tory furnace on two silicon carbide knife edges of 0.25 
inch radius. Stress was applied in the middle of a 215
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inches span by a similar silicon carbide knife edge. The 
specimens were loaded by shot pouring into a bucket at 
the end of a lever arm which was coupled to the center 
knife edge. At rupture, or when the bar plastically de­
formed sufficiently, the lever arm fell and shut off the 
flow of shot. Temperature was measured by a platinum- 
platinum rhodium thermocouple.
Sonic Modulus of Elasticity Apparatus— The sonic 
modulus of elasticity apparatus is essentially a means of 
vibrating a bar specimen, a means of detecting the bar's 
natural resonant frequency, and a means of measuring this 
frequency. Figure 3 shows a diagram of the apparatus used 
in this work. The audio oscillator, range 35 to 4-0,000 
cps, would generate signals of various known frequencies. 
These signals would then drive the speaker of response 
range of 20 to 20,000 cps. The speaker in turn drove the 
bar specimen located directly below it. The amplitude of 
vibration of this bar, when driven by a signal, was de­
tected by the crystal pickup, of a frequency range of 30 
to 11,000 cps. The signal picked up by the crystal was 
then fed through an amplifier to the vertical plates of 
an oscilloscope which showed the relative amplitude of 
the vibration of the specimen at the different frequencies 
applied.
Impact Testing Apparatus— The impact testing machine, 
the bottom part of which is shown in Fig. 4-, is a
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modified multiple-drop test machine. As it is modified, 
it is a device which drops an 0.4-0 pound hammer when an 
electromagnetic holding device is turned off. The hammer 
drops various measured distances, as great as 34- Inches, 
to strike a 0.37$ inch by 0.375 inch by 1.5 inch test 
specimen held as a cantilever with 1.0 inch extending 
from the holding vise. A similar test apparatus and
1 2l
specimen are described by Pinkel, Deutsch, and Katz.
Room Temperature Tensile Test Apparatus--A Tinius- 
Olsen Testing Machine was used to measure the ultimate 
tensile strengthsoof the specimens at room temperature. 
The specimen, shown in Fig. 2, was held vertically by 
seprated grips which tighten as stress is applied. This 
machine hasl,three ranges of applied stresses, 0 to 1,200 
pounds, 0 to 12,000 pounds, and 0 to 60,000 pounds. The 
middle range, graduated in 20 pound divisions was used. 
The rate of loading can be controlled manually and con­
tinuously.
Apparatus for Tensile Stress-to-Rupture and Instan­
taneous Hot Tensile Strengths— This machine, shown in 
Fig. 5» was designed to put ai constant tensile load at 
some elevated temperature on a specimen and to turn off 
automatically when the specimen ruptures, recording the 
time of rupture. It is described in more detail by 
Shevlln and Blackburn.^5 The machine was modified to
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get Instantaneous tensile strengths by Increasing the ap­
plied stress constantly from a no-load condition until 
rupture occurred.
It is a two station machine, although only one sta­
tion was used, the stations being identical. Two four- 
jawed chucks fitted in cast aluminum heads were used to 
grip the specimen shown in Fig. 2. The movable heads 
were held in alignment by aopalr of guide rods. Both the 
supporting surface and the aluminum heads, themselves, 
were water cooled. The load was applied through a second 
degree lever which transmitted the stress through a cable 
to the Jaw assembly.
The center of the specimen, the cermet section, was 
heated in a 0.875 inch ID by 4 inches long nichrome wound 
furnace suitably Insulated. The temperature of the speci­
men was measured by a platlnum-platlnum rhodium thermo­
couple. Instruments to maintain and check the tempera­
ture and to time the test run for each of the two stations 
were a furnace ammeter, a running time mater, a variable 
1 KW autotransformer, a temperature controller, and a 
temperature indicator which can be switched to read 
either station.
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